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2
H
|H|2

Might be requirement (anthropic principle),
rather than a prediction of a theory

e.g. Agrawal, Barr, Donoghue and Seckel (1998)
Hall, Pinner, Ruderman (2014)



Today’s topic

Assume that the SM is valid up to high energy scale

V = �SM|H|4 �m
2
H
|H|2
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�(109 �Mpl) ⇠ 0.01 ⌧ 1

Why

?



Plan of  the talk

Vanishing quartic from Z2 symmetry

Strong CP problem

SO(10) unification



Z2 symmetry and 
Higgs potential



H $ H
0

Introduce Z2 symmetry

V (H,H
0) = �(|H|4 + |H 0|4) + y|H|2|H 0|2 �m

2(|H|2 + |H 0|2)

Let us assume m >> vEW ,
and find the vacuum hHi = vEW



V (H,H
0) ' �(|H|2 + |H 0|2)2 �m

2(|H|2 + |H 0|2)

V (H,H
0) = �(|H|4 + |H 0|4) + y|H|2|H 0|2 �m

2(|H|2 + |H 0|2)

Accidentally SU(4) symmetric

v
02 ⌘ hH 0i2 =

m
2

2�
! y

2�
' 1

�SM = 0
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More Fine-tuned than SM?

v2EW

m2
⇥ m2

⇤2
cut

⇠ v2EW

⇤2
cut

m2 ⌧ ⇤2
cut

No.



EW Gauge group
v0 � v

H’ charged under additional SU(2)’

SU(2)L ⇥ SU(2)0 ⇥ U(1)

H(2, 1, 1/2), H
0(1, 2, 1/2)

SU(2)⇥ SU(2)0 ⇥ U(1)
H

0
�! SU(2)L ⇥ U(1)Y



Fermions

q, ` $ q0, `0
Doublets have Z2 partners

TABLE II. Doublet fields: the four possible SU(3)c ⇥SU(2)L ⇥SU(2)0 ⇥U(1) assignments for the

Z2 partners of q(3, 2, 1, 1
6), `(1, 2, 1, �1

2) and H(1, 2, 1, �1
2).

A(�, �) B(+, �) C(�, +) D(+, +)

q0 (3̄, 1, 2, �1
6) (3, 1, 2, �1

6) (3̄, 1, 2, 1
6) (3, 1, 2, 1

6)

`0, H 0 (1, 1, 2, 1
2) (1, 1, 2, 1

2) (1, 1, 2, �1
2) (1, 1, 2, �1

2)

in models B, C and D. In the first sub-section we study Model A and identify the Z2 partner

of SU(2)L as SU(2)R. In the second sub-section we study models B, C and D.

A. SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)

Model A is free of gauge anomalies with (q, q0, `, `0). While there are no gauge-invariant

Yukawa couplings, there are interactions between fermions and scalars at dimension 5

LA =
1

Mu

(q ỹuq
0)H†H

0† +
1

Md

(q ỹdq
0)HH 0 +

1

Me

(` ỹe`
0)HH 0 + h.c. (7)

Here ỹu,d,e are dimensionless flavor matrices, with flavor indices suppressed, while Mu,d,e are

mass scales.

On breaking SU(2)R, the theory below scale v0 is the SM (with right-handed neutrinos

to be discussed). q0 and `0 contain the SU(2)L-singlet SM quarks and leptons and U(1) is

identified as (B�L)/2. SM Yukawa couplings arise from (7) and are given by ỹu,d,e v0/Mu,d,e.

The dimension 5 operators of (7) can be generated by the exchange of heavy states. Since

the top Yukawa coupling is near unity, at least some of these states must be close to v0, and

we take these to be Dirac fermions, X and X̄, as extra scalars near v0 require further fine-

tuning. The possible gauge charges of X for each Yukawa coupling are listed in Table III.

Anticipating the next section, we also show the possible embedding of these fermions into

SO(10) representations with a dimension 210 or smaller. In the f = u, d, e sectors, if these

heavy fermions have mass matrices MXf
and Yukawa couplings xf to q/` and x0

f
to q0/`0,

then the resulting 6 ⇥ 6 mass matrices is

Mf =

0

@MXf
x0
f
v0

xfv 0

1

A (8)

9

q(3, 2, 1,
1

6
), `(1, 2, 1,�1

2
), H(1, 2, 1,�1

2
)
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we take these to be Dirac fermions, X and X̄, as extra scalars near v0 require further fine-

tuning. The possible gauge charges of X for each Yukawa coupling are listed in Table III.

Anticipating the next section, we also show the possible embedding of these fermions into

SO(10) representations with a dimension 210 or smaller. In the f = u, d, e sectors, if these

heavy fermions have mass matrices MXf
and Yukawa couplings xf to q/` and x0

f
to q0/`0,

then the resulting 6 ⇥ 6 mass matrices is

Mf =

0

@MXf
x0
f
v0

xfv 0

1

A (8)

9

q(3, 2, 1,
1

6
), `(1, 2, 1,�1

2
), H(1, 2, 1,�1

2
)

A: almost vector-like and anomaly free.
     q’, l’ are identified with SU(2)L singlet SM fermions

B, C, D: needs extra fermion which are identified with
               SU(2)L singlet SM fermions

SU(2)0 = SU(2)R, U(1) ⇠ U(1)B�L



Yukawa coupling

L =
1

M
(qỹuq

0)H†
H

0† +
1

M
(qỹdq

0)HH
0

q

H

q’

H’

q

H’

q’

H

heavy heavy



Z2 symmetry and 
the strong CP problem 



Action of  Z2 symmetry
1. Simple exchange

2. Involving space-time Parity

q $ q0

q(t, x) $ i�2q
0⇤(t,�x)

CLR

PLR

q(3, 2, 1,
1

6
), `(1, 2, 1,�1

2
),

q0(3̄, 1, 2,�1

6
), `0(1, 1, 2,

1

2
)



1. Simple exchange

2. Involving space-time Parity
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Action of  Z2 symmetry



Parity
q(t, x) $ i�2q

0⇤(t,�x)

L =
1

M
(qỹuq

0)H†
H

0† +
1

M
(qỹdq

0)HH
0 + h.c.

✓GG̃ : ✓ = 0

ỹ† = ỹ, real detỹ

Strong CP problem is solved!

SSB of Parity by H’

(Also for Models B, C and D)



Parity solutions
1978, Beg and Tsao, Mohapatra and Senjanovic

1989, Babu and Mohapatra

Parity can solve the strong CP problem, H(2,2).
Dangerous contribution from complex phase in the 
Higgs potential (1991, Barr, Chang and Senjanovic)

q

H

q’

H’
Model A with soft Z2 breaking 



SO(10) GUT



Matter unification

q, `, q0, `0 = 16

H,H
0 ⇢ 16

q(3, 2, 1,
1

6
), `(1, 2, 1,�1

2
),

q0(3̄, 1, 2,�1

6
), `0(1, 1, 2,

1

2
)



Symmetry breaking chain
SO(10)

SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

Very High energy scale

H
0



Coupling unification
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Coupling unification

108 109 1010 1011 1012 1013 1014
1014
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1018

v' / GeV

M
G
/G
eV

Δ(MG)=15 10 5

τ(p→e+π0)<1.6×1034years

mtop=173.1±0.6 GeV
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Z2 symmetry

q $ q0CLR

Part of the SO(10) symmetry

�SM = 0
Often unbroken even with GUT symmetry breaking



Z2 symmetry
q(t, x) $ i�2q

0⇤(t,�x)PLR

SO(10) with 16 fermion is chiral. No parity?

CLR ⇤ CP = PLR

SO(10)⇥ CP
��
45�! SU(3)⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L ⇥ PLR



Intermediate Pati-Salam

SU(3)c ⇥ U(1)B�L ⇢ SU(4)

q(3, 2, 1,
1

6
), `(1, 2, 1,�1

2
) = (4, 2, 1)

q0(3̄, 1, 2,�1

6
), `0(1, 1, 2,

1

2
) = (4̄, 1, 2)

SO(10) ! SU(4)⇥ SU(2)L ⇥ SU(2)R



Intermediate Pati-Salam

SU(4)⇥ SU(2)L ⇥ SU(2)R

H(1, 2, 1,�1

2
) ⇢ (4, 2, 1)

H
0(1, 1, 2,

1

2
) ⇢ (4̄, 1, 2)

hH 0i =
✓
0 0 0 v

0

0 0 0 0

◆

SU(3)c ⇥ SU(2)L ⇥ U(1)Y



Coupling Unification
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Coupling Unification
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Coupling Unification
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Summary
� ⇠ 0

✓QCD ' 0 Unification

Z2 and its SSB by H’
Parity

Accidental SU(4)

Extra gauge group

Proton decay

top quark mass
to determine v’

neutron EDM?



Backup



Loop correction to 𝜃

Suppressed by loop factors, flavor mixing



Correction to the gauge coupling 
unification by high dimensional operator

210abcd

M⇤
F ab
10F

cd
10 �

✓
2⇡

↵

◆
<
⇠ 10

45ac

M⇤

45bd

M⇤
F ab
10F

cd
10 �

✓
2⇡

↵

◆
<
⇠ 1

SO(10)
�210�! SU(3)⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L ⇥ CLR

SO(10)⇥ CP
�45�! SU(3)⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L ⇥ PLR



Correction to the gauge coupling 
unification by high dimensional operator

SO(10)
�54�! SU(4)⇥ SU(2)L ⇥ SU(2)R ⇥ CLR

SO(10)⇥ CP
�210�! SU(4)⇥ SU(2)L ⇥ SU(2)R ⇥ PLR

�

✓
2⇡

↵

◆
<
⇠ 1

54ab

M⇤
F ac
10F

bc
10

210

M⇤

210

M⇤
F10F10 �

✓
2⇡

↵

◆
⌧ 1


